Previous genetic association studies of the fibrinogen gene cluster have identified associations with plasma fibrinogen levels. These studies are typically limited to plasma fibrinogen measured among European-descent populations. We sought to replicate previous well-known associations with fibrinogen variants and plasma fibrinogen. We then sought to identify and characterise novel associations with fibrinogen variants with plasma fibrinogen and several haematological traits in three racial/ethnic populations. We genotyped 25 single nucleotide polymorphisms (SNPs) in the fibrinogen gene cluster in 2,631 non-Hispanic whites, 2,108 non-Hispanic blacks, and 2,073 Mexican Americans from the Third National Health and Nutrition Examination Survey (NHANES). We performed single SNP tests of association for plasma fibrinogen, mean platelet volume, platelet distribution width, platelet count, white blood cell count, and serum triglycerides. Five previously identified associations with plasma fibrinogen replicated in our study in nonHispanic whites and blacks. We identified two novel associations between genetic variants and decreased plasma fibrinogen: rs2227395 (p=0.0007; non-Hispanic whites) and rs2070022 (p=0.001; Mexican Americans). Several fibrinogen SNPs were also associated with haematological traits: rs6050 with decreased platelet distribution width in non-Hispanic whites; rs6050 and rs2066879 with decreased and increased platelet distribution width, respectively, in non-Hispanic whites; rs2227409 with increased mean platelet volume, rs2070017 with decreased platelet count, and rs6063 with increased platelet distribution width in non-Hispanic blacks; and rs4220 and rs2227395 with decreased white blood cell count, rs2227409 with increased platelet distribution width, rs2066860 and rs1800792 with increased and decreased triglyceride levels, respectively, and rs1800792 with decreased platelet counts in Mexican Americans. We successfully replicated and identified novel associations with fibrinogen variants and plasma fibrinogen. These data confirm the importance of the fibrinogen gene cluster for plasma fibrinogen levels as well as suggest this gene cluster may have pleiotropic effects on haematological traits.
INTRODUCTION
Circulating levels of haemostatic factors, such as plasma fibrinogen, and cellular components of the blood such as the concentration of haemoglobin (Hb), the numbers of white blood cells (WBC), red blood cells (RBC) and platelets (PLT), and the volumes of red blood cells (mean corpuscular volume, MCV) and platelets (mean platelet volume, MPV) are tightly regulated [1;2] . Abnormal levels of Hb, MPV, PLT, plasma fibrinogen, serum triglycerides, and WBC are associated with myocardial infarction (MI), coronary artery disease (CAD), and stroke [3] [4] [5] [6] [7] [8] . Plasma fibrinogen is a key player in the pathogenesis of cardiovascular disease, specifically arterial thrombosis. In the coagulation pathway, fibrinogen is converted to fibrin, the main protein component of an arterial clot [9;10] . The roles of genetic factors for plasma fibrinogen and other coagulation factors have been well studied over the past 30 years; however, little is known about the genetics of other common haematological measurements and their relationship with cardiovascular related diseases.
Genetic factors are reported to account for up to 50% of the variability observed in plasma fibrinogen levels [10] . Heritability estimates for haematological measurements such as Hb, WBC, and PLT range from 0.37-0.89 [1;2] . Several genetic association studies have been conducted to assess the relationship between candidate genes of the coagulation pathway and fibrinogen, coagulation factors, and other common haemostatic measurements. Candidate gene studies have demonstrated that variation in fibrinogen genes (FBA, FGB and FGG) are associated with plasma fibrinogen levels [11] [12] [13] [14] [15] . More recently, genome-wide association (GWAS) studies have been performed for haematological traits. Meisinger, et al. conducted a GWAS and identified three common loci that were associated with mean platelet volume [16] . Another GWAS conducted by the Haem Gen Consortium identified 22 loci associated with eight haematological traits: Hb, RBC, WBC, PLT, MPV, MCV, mean corpuscular hemoglobin concentration (MCHC) and mean corpuscular content (MCH) [17] .
While these studies have identified genetic variation associated with these quantitative traits, the discovery effort has been limited to European-descent populations. It is well known that genetic backgrounds vary among populations, both in allele frequency and in linkage disequilibrium patterns for any diseases including venous thrombosis [18] . As an example of allele frequency differences, one study performed in diverse populations demonstrated that Factor V Leiden (rs6025) and the prothrombin G20210A (rs1799963) variants differ across populations [19] . The prevalence of these variants in African Americans and Hispanics is 1-2% and <0.04%, respectively compared to 5% and 2-4% observed in Europeans [20] [21] [22] . Since these well-known variants are less common in African Americans and Hispanics, it is possible that other variants have yet to be identified in these populations that explain more of the variance in haemostatic and/or haematological traits.
Using a candidate gene approach we investigated the role of several genetic variants in the fibrinogen gene cluster with plasma fibrinogen and several haematological parameters. We characterised the association of 25 single nucleotide polymorphisms (SNPs) and plasma fibrinogen levels in >7,000 DNA samples of non-Hispanic whites, non-Hispanic blacks, and Mexican Americans from the Third National Health and Nutrition Examination Survey (NHANES). We also tested for an association with these genetic variants and mean platelet volume, white blood cell count, platelet count, platelet distribution width, and serum triglycerides. Overall, we replicated well-known associations between the fibrinogen cluster and plasma fibrinogen levels in a European-descent population, generalized these associations to populations of non-European descent, and identified novel associations with the gene cluster and haematological traits, expanding our knowledge the role the fibrinogen gene cluster plays on plasma fibrinogen levels and haematologic traits in diverse populations.
MATERIALS AND METHODS

Study population
All procedures were approved by the CDC's Ethics Review Board and written informed consent was obtained from all participants. This candidate gene association study was approved by the CDC's Ethics Review Board (protocols #2003-08 and #2006-11) and the University of Washington's Institutional Review Board (IRB #23667; HSRC D committee). Because no identifying information was accessed by the investigators, this study was considered exempt from Human Subjects by Vanderbilt University's Institutional Review Board (IRB #061062; HS2 committee).
Ascertainment of NHANES III and method of DNA collection have been previously described [23] [24] [25] . The National Health and Nutritional Examination Surveys are crosssectional surveys conducted across the United States by the National Center for Health Statistics (NCHS) at the Centers for Disease Control and Prevention (CDC). NHANES III was conducted between 1988-1990 (phase 1) and 1991-1994 (phase 2) [26;27] as a complex survey design that over-sampled minorities (non-Hispanic blacks and Mexican Americans), the young, and the elderly. All NHANES have interviews that collect demographic, socioeconomic, dietary, and health-related data. Also, all NHANES study participants undergo a detailed medical examination at a central location known as the Mobile Examination Center (MEC). The medical examination includes the collection of physiological measurements by CDC medical personnel and blood and urine samples for laboratory tests. Beginning with phase 2 of NHANES III, DNA samples were collected from study participants aged 12 years and older.
Haematological measurements
Blood was collected from all participants with the exception of those who reported having haemophilia or chemotherapy in the past four weeks [28] . Complete blood counts (CBCs) were performed on qualifying NHANES participants using the Beckman Coulter method, a method that sizes and counts particles by using measurable changes in electrical resistance produced by nonconductive particles suspended in an electrolyte [29] . A quantitative, automated, differential cell counter was used to calculate exact values for haematological measurements [28] . Plasma fibrinogen was measured from blood plasma on participants 40 years and older using the Clauss clotting method [29] . Serum triglycerides were measured using standard enzymatic methods.
SNP selection and genotyping
DNA was extracted from crude cell lysates from lymphoblastoid cell lines established for NHANES III participants aged 12 and over as part of Genetic NHANES [25] . TagSNPs were selected using LDSelect [30] for multiple populations at r 2 >0.80 for common variants (minor allele frequency (MAF) >5%) in three candidate genes (FGA, FGB, and FGG) based on data available for European Americans and African Americans in SeattleSNPs [31] . A total of 25 SNPs were genotyped using the Illumina GoldenGate assay (as part of a custom 384 oligonucleotide pool assay (OPA) by the Center for Inherited Disease Research (CIDR) through the National Heart Lung and Blood Institute's Resequencing and Genotyping Service. A total of 7,159 samples were genotyped, including 2,631 non-Hispanic whites, 2,108 non-Hispanic blacks and 2,073 Mexican Americans. Quality control measurements were calculated locally using the Platform for the Analysis, Translation, and Organization of large-scale data [32] . The average genotyping call rate was 96%. We flagged SNPs that deviated from Hardy Weinberg Equilibrium expectations (p-value <0.001), MAF<0.05, and SNP call rates <95% for each subpopulation. In addition to these quality control metrics, we genotyped blinded duplicates as required by CDC, and all SNPs reported here passed quality control metrics required by CDC. All genotype data reported here were deposited into the NHANES III Genetic database and are available for secondary analysis through CDC.
Statistical methods
All analyses were performed using the Statistical Analysis Software (SAS v.9.2; SAS Institute, Cary, NC) either locally or via the Analytic Data Research by Email (ANDRE) portal of the CDC Research Data Center (RDC) in Hyattsville, MD. Analyses were limited to participants 18 year of age and older. Participants with measurements outside of the normal range for any trait were excluded from the analysis, as extreme measurements for these traits can indicate inflammation or recent trauma. Pair-wise correlations for each trait were calculated using Pearson's correlation coefficient. None of the traits were correlated (defined as r>0.50; data not shown). Descriptive statistics for all traits are reported in Table  1 . All traits followed a normal distribution with the exception of triglycerides, which was uniformly transformed by using the natural logarithm.
Pairwise linkage disequilibrium was calculated for all 25 SNPs using Haploview [33] . Single-locus tests of association were performed using linear regression for each fibrinogen SNP and each haematological trait: plasma fibrinogen, mean platelet volume, white blood cell count, platelet distribution width, log-transformed serum triglycerides, and platelet count. For each test of association, we assumed an additive genetic model, and we coded the same risk allele for each population (Supplemental Table 1 ). Analyses were performed unweighted and unadjusted and adjusted for age, sex, body mass index (BMI) and current smoking status (yes/no), and results were plotted using Synthesis View [34] . Analyses were repeated to include time to last meal (in hours) as a covariate (data not shown). Current smoking status was determined by the question "Do you smoke cigarettes now?" and cotinine levels (>15 ng/ml). All analyses were stratified by self-reported race/ethnicity.
RESULTS
Plasma fibrinogen and replicated associations
We replicated several single SNP associations from previous studies ( Figure 1 ; Table 2 ). Replication was defined by statistical significance (p <0.05) and consistent direction of effect with the same SNP in the same ancestral population across studies. In non-Hispanic whites, four of the six tests of association replicated at p<0.05 and, after accounting for the coded allele, all tests trended in the same direction as previous reports regardless of significance (Table 2 ). In non-Hispanic whites, we replicated two associations previously reported in a candidate gene study [35] : rs6050 (Thr312Ala; p = 0.03) and intronic rs1049636 (p =0.04) were associated with decreased and increased plasma fibrinogen, respectively. We also replicated two associations reported from recent GWA studies [36;37] : FGG intronic rs2066861 (β = 0.05; p=0.01) and FGB nonsynonymous rs4220 (β = −0.08; p=0.002) ( Table 2 ).
Similar to that observed in non-Hispanic whites, we were able to replicate reported associations in non-Hispanic blacks (Table 2 ) [35;36] . Intronic FGG rs2066874 (MAF = 0.02) was associated with decreased plasma fibrinogen in non-Hispanic blacks (β = −0.28; p=0.0007; Table 2 ). Although not significant, intronic FGA rs2070017, which is rare in nonHispanic whites (MAF=0.0012), trended towards an association with increased plasma fibrinogen in non-Hispanic blacks (p=0.07; β = 0.07). Overall, regardless of significance, all but one test in non-Hispanic blacks (FGA rs6050) trended in the same direction as the previous report after accounting for the coded allele ( Figure 1 ; Table 2 ).
We identified two novel associations between genetic variants and plasma fibrinogen. In non-Hispanic whites, intronic FGB rs2227395 (β = −0.08, p=0.0007) was associated with decreased plasma fibrinogen levels. FGB rs2227395 is in strong linkage disequilibrium (LD) (r 2 = 0.86; Supplemental Figure 1 ) with rs4220, and thus likely represents the same effect. FGA rs2070022, located in the 3′ untranslated region of the gene, was associated with decreased plasma fibrinogen levels in Mexican Americans (β = −0.07) and trended towards significance in non-Hispanic blacks (p=0.057; β = −0.07; Figure 1 and Table 3 ).
Any one SNP (replicated and novel) significantly associated with plasma fibrinogen in nonHispanic whites explained 0.3-0.7% of the trait variability. Collectively, the five associations we identified account for 1.6% of the trait variability in plasma fibrinogen in non-Hispanic whites. The two SNPs (replicated and novel) associated with decreased plasma fibrinogen in non-Hispanic blacks collectively account for 1.7% of the trait variability. With the inclusion of SNP rs2070017, which trended towards significance, these three SNPs accounted for 2.0% of the trait variability of plasma fibrinogen in non-Hispanic blacks. FGA rs2070022, associated with decreased plasma fibrinogen in Mexican Americans, accounted for 1.0% of the trait variability.
Associations with haematological traits
In addition to testing for an association with plasma fibrinogen levels, we tested for associations between the fibrinogen gene cluster variation and traits measured in the CBC: platelet count, mean platelet volume, platelet distribution width, and white blood cell count (Figure 2) . We identified nine significant associations with fibrinogen SNPs and other haematological traits (Figure 2 ; Table 3 ). FGA rs6050 (Thr312Ala) and FGG rs2066879 were associated with decreased (β = −0.03; p = 0.04) and increased (β = 0.77; p = 0.02) platelet distribution width in non-Hispanic whites, respectively. Increased platelet distribution width was associated with rs2227425 in Mexican Americans and rs6063 in nonHispanic blacks. Non-synonymous FGG rs4220 (Arg478Lys) and FGB intronic rs2227395 were both associated with decreased white blood cell count in Mexican Americans (β = −0.28, p = 0.006 and β = −0.23, p = 0.02, respectively). We identified two significant associations with decreased platelet count: intronic FGA rs2070017 associated with decreased platelet count in non-Hispanic blacks, and 5′ flanking FGG rs1800792 associated with decreased platelet count in Mexican Americans (Figure 2 ; Table 3 ). There was one association between FGB rs2227409 and mean platelet volume in non-Hispanic blacks (β = 1.11; p=0.05).
Associations with triglycerides
There were two significant associations with serum triglycerides in Mexican Americans. Intronic FGG rs2066860 was associated with increased serum triglycerides and 5′ flanking FGG rs1800792 was associated with decreased triglyceride levels. Inclusion of fasting status (time to last meal) as a covariate in the models did not alter the results substantially (data not shown).
Associations across populations
There were no associations with any trait that were significant across all three populations. While there were no significant associations observed in all three NHANES populations, four of the seven associations we identified with plasma fibrinogen have a consistent direction of effect across all three populations (Figure 1 ; Supplement Table 2 ). There was also a consistent direction of effect with rs2066860 across all three populations with serum triglycerides (Figure 2 ). For the other associations we identified with platelet distribution width, platelet count, and white blood cell count, the direction of effect was different across populations ( Figure 2 ; Supplement Table 2 ).
Sex-specific associations
To determine if sex acts as a modifier of these associations, we also performed tests of association stratified by sex for the significant associations we report (replicated and novel). Among non-Hispanic whites, of the seven SNPs tested for sex effects, both rs2066861 and rs6050 were significantly associated in males (p = 0.002 and 0.006, respectively) but not in females (p = 0.50 and 0.69, respectively) despite the larger sample size in females compared with males (Supplementary Table 3 ). Among non-Hispanic blacks, four SNPs were examined for sex effects and two SNPs (rs2070017 and rs6058) were associated among females (p = 0.02 and 0.02, respectively) but not males. For these female-specific associations, the genetic effect size was larger (β = 0.14 versus 0.006 for rs2070017) in females compared with males, and, in the case of rs6058, in the opposite direction (β = 0.15 versus −0.05). Large genetic effect sizes among females compared with males were also observed for platelet counts in non-Hispanic blacks (rs2070017; β = −12.78 versus −0.52) and Mexican Americans (rs1800792; β = −9.65 versus −0.32; Supplementary Table 3) . It is important to note that small sample size could be a consequence of the large genetic effects we report.
DISCUSSION
Using a large, diverse study population, we were able to replicate five associations as well as identify two novel associations between SNPs located in the fibrinogen gene cluster and levels of plasma fibrinogen. Additionally, we were able to detect associations with fibrinogen SNPs and platelet count, white blood cell count and platelet distribution width, indicative of pleiotropic effects. This is also the first genetic association performed in Mexican Americans with variants within the fibrinogen gene cluster.
While we successfully replicated genetic associations reported for plasma fibrinogen in nonHispanic whites and blacks (Table 2) , three variants did not replicate the findings of previous studies (Table 2 ) [35] [36] [37] . We were unable to replicate the association with rs2070011 and rs1800788 in non-Hispanic whites. In comparison to Reiner et al, we were under-powered to detect the same effects with our sample size in non-Hispanic whites. We were also unable to replicate the association with rs6058 and plasma fibrinogen in nonHispanic blacks, again most likely due to power ( Table 2) .
We identified two novel associations with plasma fibrinogen in FGB and FGA. The novel association we identify between plasma fibrinogen and FGA is significant in Mexican Americans and trends towards significant in non-Hispanic blacks.
Several genetic variants are associated with increased plasma fibrinogen in all three genes in the fibrinogen cluster. Most of these genetic variants are in non-coding regions of FGB, the rate limiting gene for the production of the fibrinogen poly peptide [38] . Little is known about function of genetic variation in the other genes, FGA and FGG, in the fibrinogen gene cluster. Of the SNPs targeted for replication for plasma fibrinogen levels, three were putatively functional SNPs based on gene location. For example, nonsynonymous variant, rs6050 in the coding region of the FGA gene (Thr331Ala), was significantly associated with plasma fibrinogen in non-Hispanic whites (β=0.04, p = 0.03). Interestingly, the G allele was associated with decreased plasma fibrinogen levels in European Americans and trended in the same direction in African Americans from CARDIA (Table 2) [35] ; however, in NHANES III, the same allele replicated in whites but in the opposite direction. None of the novel variants we identified are in the coding regions of the fibrinogen cluster. Novel variant rs2070022, associated with decreased plasma fibrinogen, is located in the 3' untranslated region of the FGA gene, which could potentially affect polyadenylation and mRNA stability. Functional studies are needed to confirm role of rs2070022 in fibrinogen production.
This study, which accesses the diverse NHANES III, has many strengths. One strength is the breadth of laboratory measurements available for tests of association. Until recently, most genetic association studies have ignored pleiotropy and have limited tests of association to a single trait or pathway. Pleiotropy is defined here and elsewhere as a locus affecting multiple traits [39] . In a statistical setting, pleiotropy is detected as a single genetic variant associated with multiple traits, but this setting does not establish causality without further experiments. Epidemiologic studies such as NHANES make statistical tests for pleiotropy possible, which may ultimately identify novel genotype-phenotype relationships and pathways [40] . Our study is unique in that we also investigated the pleiotropic effects of the fibrinogen cluster with haematological traits. This is important given the complex pathophysiology of cardiovascular disease and the role haematological traits play in the development of disease. Several studies have been published on genetic variation with levels of plasma fibrinogen but little is known about how these same variants impact haematological traits. It is known that elevated levels of plasma fibrinogen are observed for several disease states such as inflammation, deep venous thrombosis, and arterial thrombosis [41] . However, it is still unclear as to whether elevated levels of plasma fibrinogen are a result of fibrinogen itself or other intermediate phenotypes underlying the pathophysiology. For example, arterial thrombosis, a common characteristic and intermediate phenotype for cardiovascular disease, is very complex and is likely to involve the fibrinogen gene cluster. However, unlike venous thrombosis, which is mainly due to the accumulation fibrin clots, arterial thrombosis is primarily due to platelet adhesion and it is likely involve haematological traits tested in this study [42] [43] [44] [45] . We identified genetic associations with fibrinogen SNPs and white blood cell count, platelet distribution width, and platelet count suggesting possible pleiotropic effects. These findings support the idea that variants in the fibrinogen gene cluster may also affect the regulation of haematological traits.
Another major strength of our study is its diversity. Although there have been studies performed in European and African descent populations, none have included Mexican Americans. The characterization of variants in non-European descent populations has considerable scientific benefits. For example in Mexican Americans, we identified a novel association between plasma fibrinogen levels and rs2070022 that also trended towards significance in non-Hispanic blacks. We also were able to report a consistent direction of effect for rs1049636 across all the three NHANES populations despite sample size. In addition to plasma fibrinogen levels, we identified significant associations with serum triglycerides in Mexican Americans.
A weakness of the present study is power and sample size. While NHANES III contains over 33,000 study participants, our study population sample size was limited for several reasons. The Centers for Disease Control and Prevention (CDC) only collected DNA samples from a subset of the entire dataset, which includes 7,159 participants from phase 2 of NHANES III. DNA was not collected from participants who reported having haemophilia or chemotherapy within four weeks of collection [28] . Of these samples, plasma fibrinogen levels in NHANES III was only measured for participants > 40 years of age [28] , which drastically reduces our sample size with plasma fibrinogen compared to the haematological traits. Despite the small sample sizes for plasma fibrinogen, we were able to successfully replicate several known associations at a liberal significance threshold of p<0.05. We also identified potentially novel associations at the same significance threshold, but because of multiple testing and the increased risk of false positive findings, these novel associations will require replication in other studies. Similarly, the sex differences reported here with this limited sample size will require replication.
In summary, we have identified both previous and novel associations within the fibrinogen gene cluster with plasma fibrinogen levels in the diverse population-based cohort. We also characterise these variants in Mexican Americans. Additionally, we show that these variants are also associated with haematological traits including serum triglyceride levels. Identifying these associations will provide important information about intermediate phenotypes with the ultimate goal of predicting cardiovascular disease outcome.
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Extra Table
What is known on this topic?
What this paper adds?
• To date there are several genetic association studies that identify genetic risk factors that explain a portion of the inter-individual variability of plasma fibrinogen levels.
• We replicate previous well-known associations as well as identify three novel associations with variants in this cluster with plasma fibrinogen in a population-based setting, NHANES.
• Genetic variants in the fibrinogen gene cluster are associated with variable levels of plasma fibrinogen in African Americans and European descent populations.
• To date there are no genetic association studies performed with fibrinogen variants in Mexican Americans. Our study tests previous associations initially described in African Americans and Europeans in Mexican Americans.
• Most genetic association studies test for an association with variants in the fibrinogen gene cluster and plasma fibrinogen; however, the possibility of pleiotropic effects with these variants have yet to be explored.
• We are the first to test and/or report an association with these fibrinogen variants and hematological traits: mean platelet volume, platelet count, platelet distribution width, white blood cell count, and serum triglycerides. We report nine novel associations with variants in the fibrinogen cluster and these haematological traits. Replication of results from previous studies in non-Hispanic whites and blacks for plasma fibrinogen levels
We compared results from our tests of association with plasma fibrinogen and all SNPs tested with the results from previous studies. Note that the coded allele may be different across studies. 
